Abstract. Messenger RNA encodes a sequence of amino acids by using codons. For most amino acids there are multiple synonymous codons that can encode the amino acid. The translation speed can vary from one codon to another, thus there is room for changing the ribosome speed while keeping the amino acid sequence and hence the resulting protein. Recently, it has been noticed that the choice of the synonymous codon, via the resulting distribution of slow-and fast-translated codons, affects not only on the average speed of one ribosome translating the messenger RNA (mRNA) but also might have an effect on nearby ribosomes by affecting the appearance of "traffic jams" where multiple ribosomes collide and form queues. To test this "context effect" further, we here investigate the effect of the sequence of synonymous codons on the ribosome traffic by using a ribosome traffic model with codon-dependent rates, estimated from experiments. We compare the ribosome traffic on wild type sequences and sequences where the synonymous codons were swapped randomly. By simulating translation of 87 genes, we demonstrate that the wild type sequences, especially those with a high bias in codon usage, tend to have the ability to reduce ribosome collisions, hence optimizing the cellular investment in the translation apparatus. The magnitude of such reduction of the translation time might have a significant impact on the cellular growth rate and thereby have importance for the survival of the species.
Introduction
Messenger RNA (mRNA) encodes a sequence of amino acids by using triplets of nucleotides (codons). Except for two cases, methionin and tryptophan, more than one codon may encode the amino acid (synonymous codons). It is well known that one or more of the synonymous codons often are preferred over the use of the other codons for the same amino acid and that such bias depends on the gene, and that the highly expressed genes have a stronger bias in codon usage [1, 2, 3, 4, 5] .
The codon bias indicates that the synonymous codons are not equal in function. Because stronger bias is observed in more highly expressed genes [5, 6, 7] , which account for a large fraction of total protein and needs to be expressed under many growth conditions, it has been conjectured that the codons used in these genes are translated more efficiently. In order to address the relation between the codon usage and the protein expression, the Codon Adaptation Index (CAI) [5] was proposed. CAI characterizes the extent of codon usage bias of a gene in comparison to the codon usage in very highly expressed genes. A correlation between high CAI and a fast translation rate of the mRNA was established [8, 9] . Note that the faster translation speed does not mean higher production of protein, because the initiation rate of the ribosomes often is the rate-limiting step. The selection pressure is more likely due to an increase in the global ribosomal efficiency by increasing the turnover rate of ribosomes [2, 6, 7] .
The codon dependent translation rate has been measured for four individual codons [10] . Based on these and a number of translation time determinations for individual mRNA or inserted sequences [8] a preliminary table for the codon specific translation rates were proposed [11] where the codons that are used more often in high CAI genes are translated faster than average. There are probably several physical causes of the difference in rates, for example the difference in the transfer RNA (tRNA) concentration, the degree of tRNA charging and/or the strength of the interaction between tRNA and codon in the ribosomal A-site [10, 12] .
Here, we study the effect of the position-dependent choice of synonymous codon on the ribosome traffic in Escherichia coli, by using the model of ribosome traffic with codon-dependent rates based on the proposed translation rates [11] . We especially focus on the ability of the codon choice to reduce the translation time by regulating ribosome collisions and queues. It is observed that some mRNAs have a less biased codon usage at the beginning of the mRNA compared to the distal part [7, 13] . We previously proposed that such less biased sequence can reduce ribosome collisions and the following "traffic jams" by occluding the start site for instance when ribosomes for stochastic reasons initiate too often (Fig. 1) . This increases the ribosomal efficiency significantly, because collisions slow down the ribosomes and might trap many ribosomes in a queue for a long time [11] . Similar scenario has been proposed later for yeast and other higher organisms [14, 15] . We furthermore argued that the less biased codon usage in the beginning of genes was selected for in the evolution rather than that these had drifted towards less biased codons due to an absence of a selection pressure for specific codons in this region [11] . Note that regulating traffic is different from just having a higher average speed: Even if most of the codons are translated fast, if there is a slow codon in the later part of the gene, queuing can evolve if the ribosomes initiate translation often enough.
In this paper, we quantify the ability of the codon usage to regulate ribosome traffic for several natural genes. We first demonstrate the significance of the location of a slow codon on the translation time by simulating sequences where the location of the slow codon is systematically changed. We then compare translation of the wild type (WT) sequence with sequences where the positions of the synonymous codons are randomly swapped within the gene. We show that the genes with high CAI tend to be better in preventing ribosome collisions and quantify how favorable such reduction of the translation time in the WT sequences is compared to the randomized sequences.
Model
First we describe the ribosome traffic model [11] , which is based on simple lattice models of traffic flow [16, 17, 18, 19] . Figure 2 depicts ribosomes that translate a mRNA. In the model, a mRNA is modeled as one dimensional lattice, and one site corresponds to one codon. The system size L corresponds to the total number of codons of the modeled gene. Translation starts by binding a ribosome 30S subunit to codon 1. Ribosomes try to bind with on-rate Ks, but the binding can occur only if the binding site is accessible, which requires that no ribosome is within the occluding distance d = 11 codons from the binding site. The ribosome stays at codon 1 for a waiting time, τ ~ 0.2 s, to assemble the translating 70S ribosome. Then, all ribosomes try to move stochastically to a codon forward at a translation rate Rx for the codon at the position x, where the ribosome is translating. Possible movements are accepted only if the distance to the preceding ribosome is larger than d. When the ribosome reaches the stop codon, the peptide is released with a rate Kt and the ribosome leaves the mRNA. Parallel update with time step dt = 1/300 sec was used.
In this paper, we do not consider the mRNA degradation, since the mRNA lifetime is not always known. All the presented data are from the ribosomes translating in steady state.
We performed stochastic simulations of this model for several mRNA. The sequences studied in this paper are all E. coli K12 genes and obtained from the database RegulonDB [20] .
The translation rate Rx at a position x depends on the codon at this position. We use the codondependent rates determined in ref. [11] , as summarized in table 1. To simplify the model, we assign one of the following three rates to each codon; A (∼35 codons/sec), B (∼8 codons/sec), and C-rate (∼4.5 codons/sec). For most of the amino acids, the codon that is predominantly used in the genes encoding ribosomal proteins is assigned the fast A-rate except for proline: the rate for its most dominant codon CCG was measured to be moderate speed (∼7 codons/sec), thus CCG was assigned middle B-rate and the rest of proline codons are assigned to be slow C-rate. Detailed description of the determination of the rate is given in ref. [11] . The termination rate Kt is assumed to be 2/sec [11] and not rate-limiting.
We study various values of the on-rate Ks. The on-rate Ks for lacZ for cells growing in a minimal media has been estimated to be about 0.9/sec [11] . Note that Ks is larger than the actual initiation rate, since the occlusion time of the start codon is finite. In case of lacZ, this is about 1 sec, hence the actual initiation rate is about 0.5 /sec. In the following, we vary Ks around this value from 1/2 to 2 fold. Note that the on-rate is subject to change depending on the condition of the cell, for example the quality of the growth media and the concentration of ribosomes. Ks also depends on the ribosome binding site as well as the start codon, which varies depending on the gene [21] . Ks is an important parameter for the ribosome traffic; when Ks is low there will be few collisions between ribosomes, while it is likely that a high Ks will cause collisions and ribosome queuing.
In order to see how good WT sequences are at regulating traffic jam, we simulate the following three cases for each gene:
• "WT": The sequence in the wild type gene.
• "Swap": The sequence that gives the same amino acid sequence, but the synonymous codons are randomly shuffled within the gene. This enables us to keep not only the amino acid but also the set of codons used (hence also CAI), and we can still see the effect of the location of the slow and fast codons. We take 100 randomized sequences per gene.
• "Fast": The sequence where the codons are replaced with the fastest synonymous codon. This is a measure of how fast the translation can be for a given mRNA, if the codon usage bias were the strongest. The difference of the average translation speed between "WT" and "Fast" will be bigger for the genes with low CAI. The comparison between the ensemble of "Swap" and "WT" gives us an idea about how the "WT" has evolved by spatially organizing the codon sequence to increase the translation speed for the given CAI.
Results

Difference between genes: examples
In order to demonstrate the difference between individual genes, we present a few examples in this section. Figure 3 shows the analysis of artificial sequences. When all the codons have the A-rate (Fig. 3a) , the mRNA's coverage with ribosomes is rather low. Some structures seen around the start-and stop-codon reflect the ribosome diameter (11 codons). When one C-rate codon is added at the beginning (Fig. 3b) , it increases the coverage of the start codon to somewhat. This slightly reduces the initiation rate resulting in lower coverage and fewer collisions between ribosomes. As the Crate codon is moved to the middle ( Fig. 3c ) and to the end (Fig. 3d) , some increase of the coverage around and upstream for the C-codon is seen due to the formation of ribosome queues. Figure 3 (e) quantifies the C-rate codon position-dependence of the translation time per codon (average time for a ribosome to translate the whole gene divided by the number of codons in the gene) with various values of Ks. As the position of the C-rate codon is moved from the beginning to the later part of the sequence, the translation time grows because of the induced collisions and small queues around the C-rate codon.
The translation time with the C-rate codon close to the stop codon is higher than the translation time with the C-rate codon close to the start codon by about 50% for the high on-rate Ks = 1.8/s. Having the slow codon at the beginning, on the other hand, reduces the translation time slightly compared to the all A-rate codon sequence.
This will give a selection pressure against mutations to C-rate codons in the distal part of the gene, because such mutations will reduce the ribosomal efficiency significantly. The mutation to have a C-rate codon at the beginning, on the other hand, will not increase the translation time and sometimes even reduces it by lowering the collisions between ribosomes. Therefore, fewer slow codons are expected at the later part of genes and this selection pressure should be stronger for the highly expressed genes.
Note that the ribosome flux (the number of translations per second) in Fig. 3(f) increases smoothly with Ks and shows smaller variation with the position of the C-rate codon. It shows a small occlusion effect when the position C-rate codon is within 11 codons (ribosome diameter), but when it is close to the stop codon the dependence is negligible. The ribosome flux is often studied to investigate the ribosome traffic [22] , but the on-rate is often the primary determinant of the ribosome flux in the biologically plausible parameter range. The translation time is sensitive to the position of the slow codons and contributes to the ribosomal efficiency [5, 7, 11] , which should give bigger selection pressure to the position of the slow codon. We therefore focus on the translation time in the following.
Next, we show the results for a few natural sequences as examples. The first example is the lacZ gene, in which we have studied the ribosome traffic on WT sequence in the previous paper [11] and concluded that the WT has the ability to reduce ribosome queuing by having slow codons at the beginning. The translation time per codon for lacZ gene (Fig.4) shows that "Fast" is translated much faster, reflecting the not so high CAI of the lacZ gene (∼0.35). Between "WT" and "Swap", we see that the time to translate the lacZ mRNA starts to be significantly different already at the biologically relevant middle Ks and at high Ks "WT" is translated 12 % faster than "Swap". Figure 5 (a) compare the translation time distribution for the ensemble "Swap" of randomized lacZ sequences with the moderate on-rate Ks = 0.9/s (dashed line) and high on-rate Ks of 1.8/s (solid lines). The translation times for "WT" and "Fast" sequences with the corresponding on-rates are shown by arrows. The distribution for both of these are narrow and the "WT" sequence is translated around average for Ks = 0.9/s. When Ks = 1.8/s, the distribution of the "Swap" translations shows a tail towards a long translation time, whereas the "WT" stays with a close to unaltered rate. The long-tail for the high on-rate is caused by the formation of ribosome queues: If the slow codons gets located in the later part by the randomization, this sequence gets a very long translation time. Note that the CAI is identical for all the "Swap" sequences for each gene. Our results therefore indicate that the ability of the "WT" lacZ mRNA to regulate the ribosome queue formation matters especially at high on-rates.
In Fig. 5(b) , the analogous plot for lac repressor encoded by lacI is shown. The ability of lacI "WT" to reduce "traffic jams" is not significantly improved but just at average for both low and high on-rate Ks. The lacI gene has a low CAI (≈ 0.29), thus "Fast" is much better than the "WT" and "Swap" samples.
The third example, rpsA, encodes protein S1 in the 30S ribosomal subunit and has high a CAI (≈ 0.78). The "WT" sequence belongs to the faster end of the distribution of "Swap" sequences for both values of the on-rate Ks. For high Ks, the "Swap" sequences show long tail to the slow translation time due to ribosome queuing, but the "WT" sequence stays at the fastest end of the distribution. The "Fast" sequence is still faster, but the difference is small compared to that of lacZ and lacI as expected from the higher CAI for rpsA. 3.2. Correlation between codon bias and the ability to reduce formation of ribosome queues.
The three examples in subsection 3.1 indicate that the genes with higher CAI tend to have better ability to reduce collisions and "traffic jams". The genes with higher CAI are often highly expressed, thus the reduction of the translation time in these genes is expected to be more important.
To investigate if this tendency is general, we studied an additional 84 genes. We chose genes with various CAI based on the categories in ref. [23] . The categories are: (i) Very highly expressed genes (27 genes) (ii) Highly expressed genes (13 genes) (iii) genes with moderate codon usage bias (20 genes), (iv) genes with low codon usage bias (19 genes), (v) regulatory / Repressor genes (8 genes). Table 2 lists these 87 genes studied here with the CAI value for each gene. Figure 6 shows the summary of all these results. We plot as ordinate the translational efficiency of the wild type sequence, defined as the ratio R=(translation time for the "WT")/(Median of the translation times for the 100 randomized samples in "Swap") both determined for the biologically most plausible on-rate, Ks = 0.9/s. The abscissa is the CAI. If the translational efficiency ratio R is less than one, it means that wild type sequence translated faster than the median of the randomized sequences and vise versa.
We use the median translation rate and not the average in the calculation of the translational efficiency ratio R, because of the long tail of the distribution when ribosome queues can be formed (cf . Fig. 5b) ; the average can be much bigger than the median. Using the average would then bias the result towards the conclusion that the "WT" sequence is better.
We see that there is a clear tendency for R to become less than one for high CAI genes. This is perhaps more clearly depicted in the figure inset where the average R for each group is shown. For 0.2<CAI<0.4 (30 genes in total) 21 genes has R< 1, while for 0.4<CAI<0.6 (28 genes in total) 5 genes has R < 1, and for 0.6 <CAI (29 genes in total) 5 genes has R < 1. This indicates that there is a bias to have R < 1 (i.e. WT is better than the median) for CAI> 0.4 (Binomial test, p < 0.01). The reduction of the translation time for high enough CAI genes is about 2% on average, and some genes can get an about 5% reduction.
The effect strongly depends on the on-rate Ks. When the on-rate Ks is doubled, the contrast between genes with high and low CAI becomes stronger and some genes can get a 15% reduction of the translation time compared to the median (data not shown). The on-rate might be smaller than the value for lacZ [11, 24] especially for the genes with low expression (e.g. [25] ). In such a case, the collisions between ribosomes become less frequent and the effect of the position of the slow codons will be weakened.
Summary and Discussion
We investigated the effect of changing the sequences of synonymous codons on the ribosome traffic by numerical simulations. After demonstrating that the position of one slow codon can give sizeable variation of the translation time, we compared the wild type sequence (WT), sequences with position of synonymous codons randomized within the gene (Swap), and the sequence with the fastest synonymous codons (Fast). We confirmed that the ability to regulate the traffic jams varies among the genes. The analysis of 87 genes showed that the WT genes with CAI above 0.4 have higher ability to reduce ribosome queuing compared to the randomized sequences. We find that an approximately 2 % reduction in the translation time can be achieved by this ability to minimize queue formation even with the moderate on-rate.
This indicates that the selection pressure to have shorter translation time is stronger for the high CAI genes. This is complementary to the view that higher codon bias evolved to reduce the translation time in highly expressed genes to increase the ribosomal efficiency [5, 7] : If the mutation to the slower codon happens at the position that increases the collisions and "traffic jams", it will be strongly selected against compared to mutations at earlier positions, resulting in sequences with better at regulating ribosome traffic for high CAI genes.
Assuming that the investment in translational machinery is important for determining the cellular growth rate, we may estimate the effect of a mutation that changes the translation time on the growth [6, 7] . If a mutation occurred in gene encoding a protein with a fraction y of total protein, and if the mutation leads to fraction x reduction of the translation time, the doubling time will be reduced by xy. For example, if x = 2% (average reduction with Ks = 0.9/s), y = 0.5%, and the original doubling time were 1 hour, then doubling time will be 0.01% less for the mutant and it would take about 3.8 years for the mutant population to become 10-fold above the non-mutant population. This may not be a long time compared to the evolutionary time scale, and the advantage will increase sizably if the on-rate for the gene was larger.
We are aware that a few very highly expressed genes exhibits the translational efficiency ratio R larger than 1 (Fig. 6 ). There can be a few possible explanations of this observation.
The first possibility is that this is an artifact of having simplified rates, where we categorize all the codons into ABC-rates, which has rather strong contrast to each other. Since highly expressed genes tend to have many A-rates, having a few B or C-rate codons in the later part of the gene can cause a significant jamming, while for low CAI case, if slow codons are evenly distributed the contrast in the rates are averaged out. Thus, we might see stronger effect of "traffic jams" for high CAI genes in the present simulation compared to a situation where could be some difference within the A-rate codons rates. This should be tested after more precise values for the rates become available.
In addition, regulation of "traffic jams" is not the only selection pressure for the location of slow codons. For example, the functional half-life of lacZ mRNA is known to depend on the codon usage in the early coding region, and this might be related to the coverage of mRNA by ribosome in an early region [26] . The length of the mRNA half-life should be subject to strong selection pressure, since it proportionally affects the protein expression.
For highly expressed genes, we previously found that the codons used in the 3' part were less conserved than the codons used in the 5' coding part of the mRNA. We argue here that having a non-biased codon usage in the 3' coding part of the mRNA is selected against, because slowly translated codons here would lead to ribosome collisions and queues that would reduce the translational capacity. The likely solution to this dilemma is of course that the use of slowly translated codons in the beginning are even more selected for than the selection for the fast codons in the 3'coding part of the mRNA.
The codon usage in the beginning of the mRNA should 1) give a suitable mRNA half-life 2) reduce queuing in the later part of the mRNA. 2) may be supported further by the fine-tuning of the initiation rate via occlusion time due to slow codons [11] : If the translation rates for rare codons are unsaturated, the occlusion time can respond to the changes in the substrate level. Furthermore, secondary mRNA structures near the ribosome binding site is avoided [27] probably because such would reduce the ribosome on-rate, K s [28, 29, 30] . It is not obvious that slowly translated codons are less likely to form structured mRNA, but altogether it is clear that numerous regards should be solved by the codon usage in the beginning of the mRNA. Table 1 . Codon and assigned translation rates. The column "aa" shows the corresponding amino acid for the given codon in the column "Codon", The column "Rate" gives the rate we assign based on ref. [10] Table 2 . Names of the genes studied, with the CAI value for each gene. CAI is defined by using the Relative Synonymous Codon Usage (RSCU) for each codon characterizing the bias of the usage of the codon in highly expressed genes; CAI is the ratio between the geometric mean of RSCU's (GMR) of the gene and maximum possible value of GMR for the sequence of the amino acids of the given protein [5] . Category Gene names (CAI value) (i) Very highly expressed 
